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We use hydrostatic pressure as an instrument to reveal a strong nonlinearity of the electrical polarization 
in group-III nitride quantum well structures. From the photoluminescence peak energies of the quantum 
well emission at different applied pressures we obtain the values of the built-in electric field in the wells 
and the corresponding well-barrier polarization difference. We found that in both the InGaN/GaN and 
GaN/AlGaN systems the field and the polarization difference increase with pressure much faster than ex-
pected from the conventional (linear) model of polarization. This behavior is explained by the dramatic 
strain dependence of the piezoelectric coefficients of the group-III nitrides, which constitutes the nonlin-
ear piezoelectric effect. 

Introduction The electrical polarization that exists in the nitrides due to the low symmetry of the 
wurtzite crystal lattice has a great impact on the electrical and optical properties of the heterostructures 
composed of these materials. Polarization induces an electrical field across the layers of the heterostruc-
tures with magnitudes in excess of 5 MV/cm [1]. The fields of such magnitude may significantly shift 
the emission peak of the light emitting diode or laser, increase the laser threshold current [1], or produce 
a high concentration two-dimensional electron gas in a transistor structure [2]. To design these and other 
nitride based devices in a controllable fashion one needs to be able to describe quantitatively the polari-
zation and the built-in electric fields.  
 The conventional model of macroscopic polarization in nitrides is based on the assumption that the 
electromechanical properties of these materials are essentially linear with applied strain ε and electric 
field E [1−3]. Such an assumption is accurate only for an infinitesimal strain and field, a condition that is 
very unlikely in the nitride structures notorious for the large lattice mismatch strains and large built-in 
electric fields. The electromechanical interactions at fixed temperature in any material can be described 
as [4, 5]: 

 Pi = Pi
sp + eijεj + �0χikEk + 1/2ejilεlεj  + 1/2�0χikmEm Ek + fikjEkεj + ...  (1) 

and 

 σj = Cjlεl – eij Ei + 1/2Cjlnεlεn – eijlEiεl – 1/2 fjikEiEk + ... , (2) 
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where Pi, Pi
sp, and Ei are the components of the total polarization, spontaneous polarization, and electric 

field intensity vectors; εj and σj are the strain and stress components; eij, χik, and Cjl are the piezoelectric 
coefficients, dielectric susceptibilities, and elastic stiffness coefficients; �0 is the permittivity of free 
space; ejil, χikm, fikj, and Cjln are the nonlinear electromechanical coefficients. The last three terms in Eqs. 
(1) and (2) introduce six second order effects which can be identified (in the order of their appearance in 
the equations) as nonlinear piezoelectricity e(ε), electrooptical effect χ(E), photoelastic effect χ(ε), 
nonlinear elasticity C(ε), electroelastic effect C(E), and electrostriction e(E). Until now very little is 
known about the magnitude of these effects in nitrides. Shimada et al. [6] predicted, based on Berry 
phase calculations, a strong dependence of the piezoelectric coefficients of AlN, GaN and BN on the 
volume conserving (deviatoric) strain. Guy et al. [7] suggested strong nonlinear piezoelectric effect in 
GaN from the experimental observations of the electrostriction in this material. More recently Bernardini 
and Fiorentini [8] performed calculations of the nonlinear piezoelectric response to the lattice mismatch 
strain in nitrides. Kato and Hama [9] explored nonlinear elasticity in AlN by calculating the pressure 
dependence of the elastic stiffness coefficients. This dependence was experimentally studied by Gerlich 
et al. [10]. The electrooptical and photoelastic effects in some of the group-III nitrides have also been 
investigated [11−13]. 
 In this contribution we provide experimental evidence of a nonlinear pressure response of macro-
scopic polarization in the group-III nitrides and through the analysis of the secondary effects show that 
this nonlinearity mainly arises from changes in the piezoelectric coefficients with strain. To reveal the 
nonlinear behavior of the polarization we investigate the pressure dependent photoluminescence (PL) 
from InGaN/GaN and GaN/AlGaN quantum wells (QWs). The stress produced by pressure induces a 
polarization change in the layers of the QW structures that results in the increase of the built-in electric 
field. The analysis of the PL peak energies at different pressures suggests that the electric field increases 
by 0.32−1.2 MV/cm in the pressure range of 9 GPa. This increase is significantly larger than that ob-
tained from the calculations based on linear model of polarization (0.11−0.46 MV/cm). On the other 
hand, the change in the built-in field and polarization is found to be in reasonable agreement with models 
of polarization taking into account nonlinear piezoelectricity. 
 

Experiment The InGaN/GaN QW structures studied in this work were grown by metal-organic chemi-
cal vapor deposition on (0001) sapphire substrates. The InN mole fraction in the wells was ~0.15. Three 
different samples had each four wells 2.5 nm, 3.1 nm, and 3.8 nm thick, respectively, and 12.5 nm GaN 
barriers. The quantum well regions were deposited on 3.5 µm GaN layers. 
 The GaN/AlGaN structures were prepared by plasma assisted molecular beam epitaxy also on (0001) 
sapphire. Three samples investigated in this work had similar geometry with 5.2 nm AlGaN barriers and 
a combination of four GaN wells 1.8 nm, 2.9 nm, 3.9 nm, and 4.9 nm thick. The AlN mole fraction x in 
the barriers of different samples was 0.2, 0.5, and 0.8, respectively. The QW structures were grown on 
0.6−0.8 µm GaN layers. All samples investigated in this work were nominally undoped. 
 To apply hydrostatic pressure, (70 × 70 × 30) µm3 samples were loaded in a standard gasketed dia-
mond anvil cell filled with liquid argon. Pressure was calibrated with the R2 ruby crystal emission line. 
Pressure was increased at room temperature, while the measurements were done at 35 K. The PL was 
excited by the third harmonic of a mode-locked Ti:sapphire laser at 270 nm. The PL emission was col-
lected in a backscattering geometry and detected with a 0.25 m spectrometer and liquid nitrogen cooled 
charge coupling device (CCD) camera. Time resolved measurements with resolution of ~0.8 ns were 
obtained with a fast photomultiplier tube and digital oscilloscope in accumulation mode. 
 

Experimental results Figure 1a shows the pressure dependence of the PL peak energies in In-
GaN/GaN quantum wells and in the GaN at a low optical excitation of ~2 W/cm2. The pressure coeffi-
cients (dE/dp) of the QW PL peaks are smaller than that of the GaN and show a clear trend with respect 
to well width: they decrease from 18.9 meV/GPa in the 2.5 nm wells to 1.6 meV/GPa in the 3.8 nm 
wells. Also, the pressure coefficients of the QW PL peaks increase as the optical excitation intensity is 
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Fig. 1 Pressure dependence of the PL peak energies in InGaN/GaN QWs at optical excitation intensity 
of a) 2 W/cm2, and b) 200 W/cm2. The lines are the fits to the data points; the numbers show dE/dp’s. 

 
 
increased from ~2 W/cm2 (Fig. 1a) to ~200 W/cm2 (Fig. 1b), the increase being more pronounced in the 
wider wells. 
 In the GaN/AlGaN structures we observe qualitatively similar pressure behavior as in InGaN/GaN, 
agreeing with the results of Łepkowski et al. [14] for GaN/Al0.17Ga0.83N QWs. Figure 2 shows the pres-
sure dependence of the QW PL peaks in the samples with x = 0.5 (a) and x = 0.8 (b). The pressure coeffi-
cient reduces from 26.2 (16.1) meV/GPa in the 1.8 nm well to only 2.9 (−7.2) meV/GPa in the 4.9 nm 
well in the sample with x = 0.5 (0.8). The negative pressure coefficient observed in the 4.9 nm well of 
the sample with x = 0.8 is a rather outstanding result, as it is a very uncommon pressure behavior of QW 
PL. 
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Fig. 2 Pressure dependence of the PL peak energies in GaN/AlGaN QWs at optical excitation intensity 
of 2 W/cm2 in samples with AlN mole fraction in the barriers of a) 0.5, and b) 0.8. 
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 Figure 3 shows the pressure dependence of the PL decay 
time in the InGaN/GaN sample. The decay time, which was 
measured in a spectral interval within 20 meV from the PL 
peaks, significantly increases with pressure. This effect is 
especially evident in the structure with wider wells where the 
decay time increases by a factor of four. The significant in-
crease of the decay time with pressure was also observed in 
the GaN/AlGaN structures. 
 

Discussion and analysis The peculiar pressure behavior observed in our QW structures can be ex-
plained by the modification of the polarization in the wells and in the barriers by the pressure induced 
strain, which leads to a significant increase of the built-in electric field Ew in the wells [15, 16]. By virtue 
of the quantum confined Stark effect [17] the electric field increase produces a red shift of the emission 
peaks approximately described by q∆EwLw, where q is the electron charge and Lw is the well width. This 
shift competes with the strain induced blue shift in the band gap of the quantum well material, effectively 
reducing dE/dp; the effect being stronger in the wide wells. When we increase the optical excitation the 
large concentration of the photogenerated charge carriers partially screens out the built-in electric field. 
Therefore the field-induced shift reduces and the pressure coefficient of PL peak increases (Fig. 1b).  
 The decay time increase with pressure is also explained by the increase of the built-in electric field. 
We note that in the absence of the field the radiative lifetime in the QWs is not expected to change sig-
nificantly with pressure. This is confirmed experimentally by the observed slight reduction of the decay 
time in a thick InGaN epilayer [18], where the electric field is not important due to self screening effect 
[1]. The increase of the decay time observed in the quantum wells is therefore exclusively due to the 
spatial separation of the electrons and holes in the quantum wells leading to a reduced overlap of their 
wavefunctions. The decay times of the InGaN/GaN QWs obtained here are a measure of the radiative 
processes dominating over the nonradiative ones as follows from the experimentally observed invariance 
of the integrated PL intensity with pressure.   
 To support our qualitative explanation of the pressure behavior of the QW PL peak energy and decay 
time and to obtain the magnitudes of the built-in electric field and polarization we have analyzed the 
experimental data by calculating the strain in the quantum well and barrier layers of the InGaN/GaN 
structure and then determining the shift of the PL peaks using the deformation potentials of GaN and 
InGaN. To find the strain in the InGaN QWs we add to the lattice mismatch strain a strain generated by 
the applied pressure. In these calculations we assume that the lattice mismatch between the GaN buffer 
and the sapphire substrate is accommodated by the low temperature grown nucleation layer, and there-
fore the buffer is essentially strain free before we apply pressure [19, 20]. Also, since the GaN buffer 
layer is much thicker than the QW layers we assume that most of the lattice mismatch between the GaN 
and InGaN is accommodated by the latter. With these assumptions the in-plane elastic strain in the wells 
is mism mism

1 2 GaN InGaN InGaN( )a a aε ε= = − , where GaNa  = 3.189 Å and InGaNa  = 3.241 Å are the lattice con-

stants of free-standing GaN and InGaN films [21].  
 The sapphire substrate is the thickest element of the whole structure. Therefore the in-plane deforma-
tion of the samples with applied pressure is controlled by this element, resulting in equal pressure in-
duced strains in the substrate, GaN, and InGaN layers [19]. To calculate these strains we assume a quasi-
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hexagonal symmetry of the substrate. This can be justified since the elastic stiffness coefficient of sap-
phire C14 = −23 GPa is almost an order of magnitude smaller than the other elements of the stiffness 
tensor of this material [22]. Applying Hooke’s law the pressure generated in-plane strain can be written 
as 

 p p 13 33
1 2 2

11 12 33 13( ) 2

C C
p

C C C C
ε ε

−
= =

+ −

, (3) 

where Cij are the elastic stiffness coefficients of sapphire, and p is the applied pressure in GPa. The total 

in-plane strain in the wells w
1,2ε  and in the barriers b

1,2ε  is given by 

 w w mism p
1 2 1 1ε ε ε ε= = + ;  b b p

1 2 1ε ε ε= = . (4) 

The strain in the growth direction in the barriers b
3ε  and in the wells w

3ε  can be found from Hooke’s law 

considering continuity of stress pσ = − : 

 
GaN p

b 13 1
3 GaN

33

2p C

C

ε

ε

− −

= ; (5) 

 
InGaN InGaN p

w mism mism p13 13 1
3 1 3 3InGaN InGaN

33 33

2
2

C p C

C C

ε

ε ε ε ε

− −
= − + = + . (6) 

The terms proportional to C13/C33 in Eqs. (5) and (6) account for the Poisson effect induced by the in-
plane strain. The elastic stiffness coefficients of GaN and InN were obtained from Refs. [23] and [24] 
respectively. The InGaN coefficients were then obtained using linear interpolation. 
 The change of the InGaN band gap with applied pressure was estimated using the knowledge of the 
strain calculated from Eqs. (3) to (6) as [25] 

 InGaN p p
g 1 c 2 4 3 c 1 3( ) 2 ( ) ( )E p a D D a D Dε ε

⊥
∆ = − − + − − , (7) 

where the deformation potentials for InGaN c 2 9.18a D− = − eV, 3 5.63D = eV, c 1 5.80a D⊥
− = − eV, and 

4 2.85D = − eV were determined by linear interpolation between the theoretical values of the deformation 

potentials of GaN and InN [25]. Including the effects of the pressure dependence of the effective masses 
[26] and band offsets in the InGaN wells the band gap shift with pressure is found to be dE/dp = 
38.2 meV/GPa. This value expected in the polarization free quantum wells of all thicknesses is con-
firmed by the dE/dp = 37.0 meV/GPa measured in an InGaN epilayer with InN mole fraction of 0.11 
[18]. The small and well width dependent dE/dp of InGaN QW PL can not be explained by the effect of 
pressure on the band structure. The peculiar pressure behavior in these wells is therefore due to the modi-
fication of the built-in electric field with pressure. 
 When the built-in electric field across the wells is sufficiently large it almost exclusively defines the 
slope of the well width dependence of the PL peak energy in the wide QWs [27, 28]. This is the case in 
our InGaN/GaN samples as shown in Fig. 4a, where the linear fit to the atmospheric pressure PL peaks 
(solid line) is compared with that of the envelope-function calculation of the QW transitions (dashed 
line). Both fits provide the same value of the built-in electric field of 1.4 MV/cm, thus indicating that the 
Ew at each pressure can be found simply from the slopes of the PL peak energy/well width dependence 
[27]. These values of the electric field are shown in Fig. 4b. Ew increases from 1.4 MV/cm to 2.6 MV/cm 
when the pressure is increased to 9 GPa. To verify the values of Ew presented here we calculated how the 
radiative lifetime of QW PL would change with pressure as a result of increasing Ew. The lifetime varia-
tion was found from the inverse of the square of the electron-hole wavefunction overlap with Ew applied 
to the wells. The results of the calculations are shown in Fig. 3 by the solid lines. Good agreement be-
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Fig. 4 a) Well width dependence of the PL peak energies in InGaN/GaN QWs at different applied pres-
sures; b) the corresponding values of the built-in electric field (open symbols). 
 

 

tween the measured decays and calculated lifetimes suggests that the values of Ew defined in this work 
are accurate.   
 Next we compared the values of Ew obtained from the experiment with those predicted by the linear 
model of polarization and by the work of Shimada et al. [6]. Ew can be estimated from [1] 

 Ew = (Pb – Pw)/(�w + �bLw/Lb) , (8)  

where �w,b are the permittivities of the InGaN well and GaN barrier, Lw,b are the well and barrier width, 
and Pb,w are the total polarizations (spontaneous and piezoelectric) in the barriers and in the wells; the 

piezoelectric polarization components can be found as pz w,b w,b w,b w,b
w,b 33 3 31 12P e eε ε= + . The piezoelectric coef-

ficients and the values of spontaneous polarization for InGaN and GaN were taken from Ref. [29]. The 
dotted line in Fig. 4b shows the change of Ew with pressure calculated within the framework of the linear 
model [1−3]. Instead of increase, this model predicts a slight reduction of the built-in field with pressure. 
This obvious contradiction between the linear model and experiment suggests the strong contribution of 
the secondary effects, such as nonlinear piezoelectricity, to the polarization response of our samples. To 
support this explanation we estimated the change of Ew considering the volume conserving strain de-
pendence of the piezoelectric coefficients of GaN calculated by Shimada et al. [6]. Since the volume 
conserving strain dependence of the piezoelectric coefficients in InGaN is not available, we used for this 
material the strain dependence of GaN. The built-in field was then calculated in the same way as for the 
linear model. The solid line in Fig. 4b shows the result of this calculation. In this case the built-in field 
significantly increases with applied pressure, the slope of this increase being somewhat smaller than that 
observed in the experiment. This shows that nonlinear piezoelectricity can be responsible, at least in part, 
for the observed anomaly in the pressure behavior of the InGaN/GaN QWs. The underestimation of the 
calculated dependence can be attributed to the contribution of the dilatational strain not considered here, 
to the different strain dependence of the piezoelectric coefficients in InGaN than in GaN, or to the other 
secondary effects, such as nonlinear elasticity and photoelastic effect. 
 Obtaining an accurate description of the built-in electric field and polarization in the InGaN/GaN QW 
system is somewhat hindered by the uncertainty of the InGaN band gap energy and its pressure depen-
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dence [30]. This is due to the uncertainty of the InN band gap energy itself, and due to the possible ef-
fects of the deformation potentials bowing and carrier localization [31]. In contrast, in the GaN/AlGaN 
QW system these effects are not expected to be important, and in analyzing the experimental results in 
this system we can use a more direct approach. To obtain the values of Ew in GaN/AlGaN QWs we fit 
the PL data with the model that describes e1−hh1 transition energy in the wells with the expression of the 
form Ee1−hh1

 = EGaN + Ee1
 + Ehh1

 – Eex, where EGaN is the GaN band gap energy, Ee1
 and Ehh1

 are the elec-

tron and heavy hole confinement energies, and Eex is the exciton binding energy. The GaN and AlGaN 
band energies at each pressure were found using the deformation potentials of GaN and AlN (the AlGaN 
deformation potentials were linearly interpolated from the values given for the binaries [25]). The 
confinement energies in the presence of Ew were found using the method described in Ref. [17]. The 
binding energies of the confined excitons subjected to Ew were found using the approach proposed by 
Leavitt and Little [32]. The only adjustable parameter in our model was the well-barrier polarization 
difference Pw−Pb, which essentially defines the built-in electric field in the wells as follows [33]: 

 w b s D b w
w

w b b w

( )

(1 / ) 2

P P V qN L L
E d

L L L L

ρ

ε ε

− − + + 
= + − − + +  

 , (9) 

where ε is the permittivity of the GaN wells and AlGaN barriers (assumed here to be the same for the 
two materials, and independent of pressure), Lw,b are the cumulative thicknesses of the well and the bar-
rier layers, ρ is the two-dimensional photogenerated charge density in the wells that was estimated con-
sidering the measured decay times in different wells, Vs is the surface potential barrier determined as in 
Ref. [33], ND ≈ 1017 cm−3 is the background doping concentration, and d is the distance from the barrier-
buffer interface to the well where the field is to be calculated. Equation (9) describing the electric field in 
GaN/AlGaN QWs is different than that for the InGaN/GaN quantum wells (Eq. (8)) due to the proximity 
of the surface to the quantum well region in the former. The second and the third term in Eq. (9) essen-
tially introduce surface effects into consideration. 
 Figure 5 shows the fits to the QW PL peak energies obtained with our model at an intermediate pres-
sure of 5 GPa (solid lines). Good agreement between the fits and the experimental data suggests that the 
model accurately accounts for the effects responsible for shaping the QW PL peak energies. From the fits 
to the PL peaks at different pressures we obtain the pressure dependence of the Pw – Pb and correspond-
ing built-in electric field in 2.9 nm well in different samples. These results are shown by the open circles 
in Fig. 6. We found that in every sample the polarization difference significantly increases with pressure, 
which results in an increase of Ew by 0.32 MV/cm, 0.76 MV/cm, and 1.01 MV/cm in ~8 GPa in the sam-

ples with AlN mole fractions in the barriers of 0.2, 0.5, and 
0.8, respectively. The increase is significantly larger than that 
predicted by the linear model of polarization (0.11, 0.26, and 
0.46 MV/cm) shown by the solid lines in Fig. 6. This finding 
suggests that, as in the case of the InGaN/GaN wells, the lin-
ear model does not reproduce the pressure dependence of 
polarization in the GaN/AlGaN quantum wells. 
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Fig. 6 Pressure dependence of Pw − Pb and corresponding electric field in 2.9 nm GaN/AlGaN QWs 
with a) x = 0.2, b) x = 0.5, and c) x = 0.8. The experimental points were obtained from the fits to the PL 
data as shown in Fig. 5. 
 

 The dashed-dotted lines in Fig. 6 show the result of the calculation of the polarization difference 
where we introduce the volume conserving strain dependence of the GaN and AlGaN piezoelectric coef-
ficients [6]. The slopes of these pressure dependences are significantly larger than those produced by the 
linear model and close to the slopes obtained from the experiment. We have also calculated the Pw – Pb 
following the work on nonlinear polarization by Bernardini and Fiorentini [8]. We considered only the 
changes in piezoelectric polarization due to hydrostatic compression of the ideal crystal and due to the 
increase of the internal parameter u with pressure [34]. The resulting pressure dependences are shown by 
the dashed lines in Fig. 6. Using this model we again obtain slopes of Pw – Pb close to the experimental 
ones. These findings suggest that as in the InGaN/GaN system the polarization response in GaN/AlGaN 
QWs is strongly affected by the strain dependence of the piezoelectric coefficients, i.e. by nonlinear 
piezoelectricity.  
 Now that we have shown that the nonlinear piezoelectricity plays the major role in defining the pres-
sure behavior of PL in nitrides we can briefly analyze the possible contributions of the other secondary 
effects. In Figure 7 we recalculated the experimental and “linear” model values of Pw – Pb introducing 

the nonlinear elasticity and photoelastic effect, for the 
GaN/AlGaN QWs with x = 0.5 (Fig. 6b). The nonlinear elasticity 
was taken into account by assuming pressure dependent elastic-
ity coefficients Cij of sapphire [35] and AlN [9]. The lack of 
reports on the pressure dependence of Cij led us to assume for 
GaN the same dependence as in AlN. The effect of lattice mis- 
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Fig. 7 Experimental (open circles) and model (solid line) pressure 
dependence of Pw – Pb in the GaN/AlGaN QWs with x = 0.5 obtained 
considering pressure dependence of the elasticity coefficients Cij of 
sapphire, AlN, and GaN, and that of the dielectric constants of AlN and 
GaN. 
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match strain was neglected (we found that it does not affect the slope of the pressure dependence). The 
pressure dependence of the electronic dielectric constants of GaN and AlN was taken from the Ref. [13]. 
As follows from these simple estimates the introduction of nonlinear elasticity and photoelastic effect, 
although producing tangible corrections to the polarization difference, does not have strong enough ef-
fect to explain the observed pressure response of polarization. 
 
Conclusions We have presented clear experimental evidence of the nonlinear pressure response of the 
macroscopic polarization in group-III nitrides. The polarization change with pressure was evaluated 
using the pressure dependence of the PL peak energies in wells of varying width. The changes in polari-
zation and built-in electric field are found to be comparable in magnitude with those predicted by the 
models of nonlinear piezoelectricity. Based on this finding and on the simple estimates of the possible 
contribution of other secondary effects we conclude that the strain dependence of the piezoelectric con-
stants is mainly responsible for the polarization nonlinearity. The findings of this work reveal severe 
limitations of the conventional model of polarization in group-III nitrides.     
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